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The western corn rootworm (WCR), Diabrotica virgifera virgifera LeConte (Coleoptera: 
Chrysomelidae), is a significant insect pest of maize in the United States, Canada and Europe. 
Until the mid 1990s, this pest was successfully controlled by annual crop rotation, alternating 
maize with a non-host plant like soybean. However, massive adoption of maize-soybean rotation 
in east-central Illinois selected for a WCR phenotype that circumvents crop rotation by laying 
eggs outside of maize fields. This rotation-resistant variant of WCR (RR-WCR) display reduced 
fidelity to maize and is likely to fly into rotated soybean fields where it feeds and oviposits. 
When eggs laid in rotated soybean hatch the following spring, the emerging larvae now in a 
cornfield produce severe injury to maize roots. For the last fifteen years, other than behavioral 
characterization of the RR-WCR, establishing a correlation between genotypic and phenotypic 
attributes has proved elusive. Despite the ability of soybeans to produce defense compounds, RR 
adults are more frequently found feeding on soybean foliage than wild-type (WT) WCR. 
Soybean defenses against herbivory include cysteine protease inhibitors, which inhibit the 
activity of digestive proteases and impair the fitness of many coleopterans. The objective of this 
research was to determine whether RR-WCR adults display an altered digestive proteolysis that 
may increase their tolerance to soybean foliage diet and facilitate the occurrence of rotation-
resistance. The results show that RR-WCR beetles had higher soybean intake and extended 
survivorship on continuous soybean diet. In addition, cathepsin L protease activity in RR-WCR 
populations was significantly higher than that of WT populations fed on either corn silks or 
soybeans. Gene expression analysis of cysteine proteases in WCR guts supports these findings; 
the expression level of a cathepsin L-like clone was significantly higher in RR-WCR adults when 
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compared with WT populations. This thesis is the first report of eco-physiological, biochemical 
and molecular evidence supporting higher tolerance of soybean hervibory in RR-WCR. The 
discovery of a mechanism of tolerance to soybean herbivory in WCR offers unique information 
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Maize (Zea mays L.) is the most important crop in the United States (U.S.) in terms of 
area planted and total production (USDA-NASS, 2011). The amount of grain maize harvested 
annually in the U.S. (about 800 million metric tons) represents 40 percent of the world 
production (USDA-FAS, 2011). To achieve such an enormous annual production, over 32 
million hectares are planted. Maize production is concentrated in the Midwestern states of Iowa, 
Illinois, Nebraska, Minnesota, Indiana and South Dakota, which contribute nearly 70 percent of 
the total U.S. maize production (USDA-NASS, 2011). However, large areas with low species 
diversity and cultivars genetically selected for greater yield make crops in such agro-ecosystems 
highly susceptible to insect pests (Emden and Williams, 1974; Rick, 1988; Andow., 1991; 
Matson., 1997). Pests can drastically reduce the grain yield; to prevent great economic losses, 
farmers must apply insecticides or use other costly control strategies. 
 
One of the most significant insect pests of maize in the United States, Canada, and 
Europe is the western corn rootworm (WCR), Diabrotica virgifera virgifera LeConte 
(Coleoptera: Chrysomelidae) (Gray et al., 2009; Spencer et al., 2009). In the mid 1980’s, Metcalf 
(Metcalf, 1986) estimated yield losses and management expenses due to corn rootworm activity 
to be about $1 billion annually. However, this estimation is now considered low and since WCR 
is also spreading across Europe; annual economic losses on a global scale greatly exceed $1 
billion (Gray et al., 2009; Mitchell et al., 2004). Although WCR is highly specific to maize, it 
can use other grasses as hosts, including some prairie grasses and the proposed bioenergy grass, 
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Miscanthus x giganteus (Oyediran et al., 2004; Wilson and Hibbard, 2004; Spencer and Raghu, 
2009).  
 
The univoltine life cycle of the western corn rootworm includes four stages: egg, larva, 
pupa, and adult. Overwintering eggs hatch in late May and June, when maize plants are in the 
vegetative stage; emerging larvae follow gradients of carbon dioxide (CO2) to locate the roots of 
growing maize plants (Strnad et al., 1986; Bernklau and Bjostad, 1998). Larvae feed on maize 
roots, where they can produce considerable damage. Larval root feeding interferes with water 
and nutrient uptake and facilitates pathogen entry. In addition, extensive root injury makes plants 
more susceptible to lodging, which leads to direct yield losses due to the difficulty in harvesting 
lodged plants (Levine and Oloumi-Sadeghi, 1991). Larvae go through three instars and pupate in 
the soil. In late June and July, adults emerge and feed on maize pollen and silks, which can 
interfere with pollination if there is a high infestation (Levine and Oloumi-Sadeghi, 1991). 
Females emerge a few days later than males; most are rapidly mated near their emergence site. In 
the days after mating, females disperse from their natal fields to a different maize field before 
they begin to lay eggs (Spencer et al., 2009; Isard et al., 2004). Oviposition occurs in the soil, 
primarily in maize fields (Levine and Oloumi-Sadeghi, 1991; Shaw et al., 1978). 
 
Larval dependence on maize for development to adult combined with strong female 
fidelity to maize fields for egg laying made the WCR ideal candidate for control by annual crop 
rotation (Spencer et al., 2009; Spencer and Levine, 2008). Non-host plants like soybean (Glycine 
max) can produce defense compounds that make their roots unsuitable for WCR larvae feeding. 
Thus, annually alternating maize planting with soybean results in the death of larvae emerging 
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from eggs deposited in rotated maize fields. Alternatively, to manage WCR in continuous maize 
production systems, farmers rely on soil-applied or foliar insecticides and more recently on Bt 
technology (Vaughn et al., 2005).  
 
Annual crop rotation of maize and soybean effectively controlled WCR for almost 90 
years (Levine et al., 2002). In fact, this production system is by far the most common method to 
grow maize and soybeans in the U.S. Corn Belt (Sandretto and Payne, 2006). Until the mid-
1990s, corn/soybean rotation provided reliable protection from larval injury and virtually 
eliminated the need for other controls. However, massive adoption of this practice in east-central 
Illinois selected for a WCR population with behavioral resistance that circumvents crop rotation 
by laying eggs outside of maize fields (Levine et al., 2002; Onstad et al., 2001, Spencer et al., 
2005). This behavior leads to a significant reduction in the crop rotation effectiveness against 
this pest, since larva emerging from eggs laid in rotated fields, most of which are soybean fields, 
will damage the maize planted in the field the following year. 
 
The rotation-resistant variant of WCR was first detected in 1987 near Piper City (Ford 
County), IL (Levine and Oloumi-Sadeghi, 1996), where severe WCR larval injury to first-year 
maize grown for seed production was observed. This damage occurred in maize fields that in the 
previous year had been planted with soybean (Levine and Oloumi-Sadeghi, 1996). In subsequent 
years, the problem became increasingly more frequent and severe and by 1995 many fields of 
commercial corn throughout east-central Illinois and some areas of northern Indiana were 
affected (Levine et al., 2002). Since the explosion of first-year corn injury reported in 1995 
(Levine and Oloumi-Sadeghi, 1996), the rotation resistant phenotype of WCR (RR-WCR) 
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continued spreading across Illinois and into other states such as Indiana, Ohio, Michigan, 
Wisconsin, and more recently Iowa and Missouri (Gray et al., 2009; Onstad et al., 1999). Low 
landscape diversity in most maize producing areas contributes to the spread of the RR phenotype 
(Onstad et al., 2003). 
 
Because of the spreading and seriousness of the RR-WCR, research was directed to 
characterize this new behavior. The RR-WCR displays high mobility and reduced fidelity to 
maize fields. Females make frequent interfield flights between maize, soybean and other rotated 
crops where they feed and oviposit (Levine et al., 2002; Isard et al., 2000; Mabry and Spencer, 
2003). In laboratory experiments, rotation-resistant females were consistently more active than 
wild-type (WT) and presented increased tendency to take flight (Knolhoff et al., 2006). In 
addition, field studies on oviposition indicate that rotation-resistant females lay eggs in a variety 
of crops besides corn and soybeans, such as oat, alfalfa, and wheat (Rondon and Gray, 2004; 
Schroeder et al., 2005; Pierce and Gray, 2006). 
 
Western corn rootworm beetles, regardless of their rotation resistance status, often 
consume soybean foliage of the fields adjacent to maize. Moreover, the rotation-resistant WCR 
adults do not have any particular attraction to soybeans (Spencer et al., 1999). Levine and 
coworkers (2002) suggested that the tendency to feed on soybeans (or other plants outside of 
cornfields) probably has not changed much with the advent of behavioral resistance to crop 
rotation, however, the total number of individuals with that tendency has greatly increased in the 
problem area. According to Mabry and Spencer (2003), soybean tissue is a suboptimal diet that 
produces nutritional stress and induces behavioral changes. These authors found that soybean 
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herbivory increases beetle activity in soybean fields and can induce WCR females to lay eggs. In 
addition, experiments in which WCR behavior was analyzed suggest that WT females are more 
sensitive to soybean diet and diet switching (Mabry et al., 2004).  
 
Despite the aforementioned information about RR-WCR dispersal patterns, oviposition 
behavior and response to soybean diet, there is still no physiological, biochemical or molecular 
evidence that can explain these behavioral responses. In this regard, attempts to identify genetic 
differences between WT and RR beetles using microsatellites, AFLPs and microarray expression 
analysis have failed (Miller et al., 2006; Miller et al., 2007; Knolhoff et al., 2010a). Miller and 
coworkers (2006) analyzed eight microsatellite loci but did not find evidence for general genetic 
differentiation between WT and RR-WCR. Subsequently, Miller et al. (2007) scored 365 AFLPs 
and reported a weak heterogeneity between WCR from Illinois and Iowa. These authors found a 
single AFLP locus that could be candidate for WT and RR distinction, although this marker was 
not diagnostic. In addition, Knolhoff et al. (2010a) used microarray analysis to search for gene 
expression differences and found a number of genes highly expressed in RR adult females, but 
with no matches to known proteins. These authors used a cDNA-based microarray made from 
heads of WCR females, assuming that genes related to behavior would be most highly expressed 
in the head. 
 
The fact that large numbers of RR-WCR adults are more often observed feeding on 
soybean foliage than WT-WCR is an important observation worthy of further studies, since it 
may provide information about the ability of RR-WCR to tolerate soybean herbivory. Soybean 
plants produce defense compounds to protect themselves from herbivory (Birk, 2003). Herbivory 
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damage induces the jasmonate signaling pathway in plants, leading to increased synthesis of 
protease inhibitors (PIs) (Bolter, 1995; Zhao et al., 1996). Protease inhibitors impair the capacity 
of insects to digest proteins and assimilate amino acids required for their growth, development 
and reproduction (Birk, 2003). Particularly, cysteine protease inhibitors (CystPIs) induced in 
soybean tissues significantly affect insect species like WCR, in which cysteine proteases are 
responsible for the majority of digestive proteolysis (Fabrick et al., 2002; Kim and Mullin, 2003; 
Zavala et al., 2008).  
 
Some insects have developed strategies to tolerate PIs. For instance, Jongsma et al. 
(1995) found that the beet armyworm, Spodoptera exigua (Lepidoptera: Noctuidae), can induce 
an insensitive protease activity in response to plant PIs.  Another way to gain tolerance of PIs 
could be from the mutualistic contribution of gut microbiota. In this context, Visôtto and 
collaborators (Visôtto et al., 2009) observed that antibiotic treatments suppressed serine 
proteases in velvetbean caterpillar, Anticarsia gemmatalis (Lepidoptera: Noctuidae), and 
suggested that that gut bacteria may significantly contribute with protein digestion. In addition, 
some coleopterans that utilize cysteine proteases for digestive proteolysis also have the ability to 
compensate the negative effect of dietary CystPIs (Cloutier et al., 2000; Zhu-Salzman et al., 
2003; Koo et al., 2008). Interestingly, it has been reported that the Colorado potato beetle, 
Leptinotarsa decemlineata, reacts to dietary CystPIs by overproducing proteases and exhibiting 
hypertrophic ingestion of CystPI rich foliage (Cloutier et al., 2000).  Therefore, if indeed RR-
WCR beetles have higher tolerance to soybean diet than WT beetles, it is expected to be linked 




The present research addresses different aspects of the relationship between soybean 
herbivory and the rotation-resistant phenotype of WCR. First, a series of eco-physiological 
studies are designed to uncover differences between WT and RR-WCR populations regarding 
soybean consumption and survivorship (Chapter 2). Populations collected from sites where the 
rotation-resistance phenotype is dominant (east-central Illinois) are compared with populations 
collected in zones where rotation-resistance behavior has not yet been detected (central Iowa, 
northeast Nebraska and northwest Missouri). The results of these studies indicate higher 
tolerance to soybean herbivory in RR populations, suggesting that these populations have a 
mechanism that allows them to tolerate higher levels of soybean CystPIs.  
 
The third chapter of this thesis focuses on the question of whether RR-WCR adults 
display an altered digestive protease activity that may increase tolerance to soybean diet and 
facilitate the rotation-resistant behavior in soybean. The pH is a very important factor for the 
activity of digestive proteases. In WCR midgut fluids, the pH is slightly acidic (pH 5.75) 
(Kaiser-Alexnat, 2009); this is optimum for cysteine proteases, which are the major enzymes 
responsible for protein digestion in WCR larvae and adults (Zhao et al., 1996; Kim and Mullin, 
2003; Gillikin et al., 1992; Orr et al., 1994). Specifically, digestive proteolysis in WCR is 
conducted mostly by cathepsins L and B (Kaiser-Alexnat, 2009; Koiwa et al., 2000; Bown et al., 
2004). Cathepsins L are endopeptidases (Barrett and Kirschke, 1981) responsible for the 
breakdown of large peptides into smaller ones and thus a key component in WCR protein 
digestion. However, soybean has at least four cysteine protease inhibitors (CystPIs) (Botella et 
al., 1996; Misaka et al., 1996) and one of them is known to target cathepsin L proteases, 
inhibiting over 90% of the total proteolytic activity in third-instar WCR larvae (Koiwa et al., 
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2000). Therefore, it is likely that soybean diet can also produce significant inhibitory effect on 
cathepsin L activity in WCR adults, impairing their protein assimilation and fitness. A study of 
protease activity in WT and RR-WCR adults fed on soybean foliage is essential to understand a 
putative mechanism of tolerance to soybean CystPIs. 
 
Based on the information mentioned above, Chapter 3 presents an analysis of the activity 
of cathepsin proteases in guts of WT and RR-WCR beetles fed on corn-silk diet vs. soybean 
foliage diet. Although there are previous studies on WCR gut protease activity, most of them 
focused on larval stages, with the aim to enhance resistance of maize to this insect by means of 
plant genetic engineering (Gillikin et al., 1992; Orr et al., 1994; Bown et al., 2004). This thesis 
constitutes the first report to study the relationship between digestive proteolysis in WCR adults 
and the rotation-resistant phenotype. In addition, gene expression of digestive proteases is 
examined in response to soybean herbivory. Five cDNA clones encoding cathepsin L-like 
proteases and two clones encoding cathepsin B-like proteases are analyzed using 
semiquantitative RT-PCR (Koiwa et al., 2000; Bown et al., 2004; Siegfried et al., 2005). The 
results presented in Chapter 3 support the hypothesis that higher levels of cathepsin L protease 
activity may improve adult RR-WCR tolerance of soybean diet for short periods. 
 
The continuing westward spread of RR-WCR toward the vast and vulnerable corn 
acreages in the western Corn Belt adds some urgency to investigations of rotation-resistance 
mechanisms. Revealing the mechanisms involved in the remarkable success of WCR as a pest 
herbivore, beginning with the contribution of genetic traits toward rotation resistance, will help 
to reveal proximate appearance of rotation-resistant populations. This understanding is relevant 
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to the development of effective and sustainable strategies not only for WCR control, but also for 
prevention and management of other actual and potential field crop insect pests. Genes whose 
expression facilitates rotation-resistant behavior would be attractive targets for novel pest 
management tactics via transgenic manipulation of host and non-host plants (i.e. soybean).    
 
This thesis provides the first insights into the genetic basis of rotation-resistance 
mechanisms by presenting eco-physiological, biochemical and molecular evidences supporting 
higher tolerance of soybean diet in RR-WCR. The discovery of a mechanism that confers RR-
WCR tolerance of soybean herbivory provides unique information and tools to use in advancing 
understanding of the mechanisms of insect adaptation to dietary stress. Demonstrating a role for 
altered protease activity and expression in the RR-WCR adaptation to crop rotation constitutes a 







SOYBEAN HERBIVORY AND SURVIVORSHIP ON SOYBEAN DIET IN WILD-TYPE 
AND ROTATION-RESISTANT WESTERN CORN ROOTWORM POPULATIONS  
 
2.1 Introduction 
The rotation-resistant phenotype of the western corn rootworm (RR-WCR) is 
characterized by a major shift in oviposition behavior (Spencer et al., 1997). In laboratory 
experiments, rotation-resistant females displayed increased locomotor activity and tendency to 
take flight (Knolhoff et al., 2006). In field conditions, they display reduced fidelity to corn as a 
host (Levine et al., 2002) and lay eggs indiscriminately in a variety of crops (Rondon and Gray., 
2004; Schroeder et al., 2005). However, the majority of maize production in the U.S. Corn Belt 
is based on annual rotation with soybeans (USDA-NASS, 2011). This alternation between only 
two species creates a strong selective pressure, favoring WCR females with a tendency to lay 
eggs outside their natal fields. In such a homogeneous landscape, females flying away from their 
natal fields, although not particularly attracted to soybeans (Spencer et al., 1999), are very likely 
to land in soybean fields where they feed and oviposit. The fact that RR beetles feed on soybean 
foliage is remarkable, since soybean plants have the ability to produce potent chemical defenses 
against insects and especially against Coleopteran species (Birk, 2003; Lalitha et al., 2005). 
 
Rotation-resistant WCR adults fly regularly between corn and soybean fields and are 
often found with both corn and soybean tissues in their digestive tracts (Spencer et al., 2005). It 
is common to see RR females landing in soybean fields and feeding on soybean foliage, although 
it has been suggested that they do not obtain significant nutritional benefit from it (Mabry and 
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Spencer, 2003). In fact, soybean herbivory is not an exclusive behavior of rotation-resistant 
WCR. However, the prevalence of soybean feeding is much lower among rotation-susceptible 
populations. Levine and coworkers (Levine et al., 2002) suggested that soybean herbivory is 
likely part of the normal variation in host fidelity present in any WCR population, but the 
proportion of individuals with this tendency has greatly increased in areas where crop rotation is 
practiced and rotation-resistance has become a problem. Although wild-type (WT) WCR females 
may be more sensitive to the effects of soybean diet in terms of behavioral response (Mabry et 
al., 2004), studies on soybean herbivory were unable to discern differences in soybean leaf area 
eaten between WT and RR populations (O’Neal et al., 2002; Knolhoff et al., 2010b). 
 
Plants have developed an arsenal of physical and chemical defenses to counteract 
herbivory. Wound and herbivore-specific elicitors in combination with abiotic stresses 
differentially activate various signaling pathways such as the jasmonate signaling pathway 
(Baldwin, 1998). These signal cascades interact, producing volatile compounds that function as 
indirect defenses or cause a fine tuning of metabolic responses and the expression of defense-
related genes (Kessler and Baldwin, 2002). These genes code for the production of antidigestive 
compounds that have direct effects on herbivores, such as cysteine protease inhibitors (CystPIs) 
(Bolter, 1995). Soybean, the world's most widely grown seed legume, has at least four CystPI 
genes, two of which are wound-inducible (Zhao et al., 1996; Botella et al., 1996). Cysteine 
proteases, which are responsible for digestive proteolysis in WCR, can be strongly inhibited by 
soybean CystPIs (Zavala et al., 2008), reducing growth and survival of both larval and adult 
WCR (Kim and Mullin, 2003; Koiwa et al., 2000). Since RR-WCR populations were selected for 
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reduced fidelity to maize and display higher tendency to eat soybean foliage, it is reasonable to 
hypothesize that they may also possess higher tolerance to soybean tissue.  
 
This chapter analyzes whether there is a difference in soybean intake and survivorship 
between rotation-resistant (RR) and susceptible (WT) WCR beetles. For all the experiments, five 
field-collected populations are used; two of them are from zones with a great incidence of the 
rotation-resistant phenotype (central and east Illinois), whereas the other three populations were 
collected from sites where the rotation-resistant phenotype has not yet been detected (Nebraska, 
west Missouri and central Iowa). First, a soybean foliage damage test is performed in order to 
compare the amount of soybean foliage consumed between WT and RR-WCR populations. 
Then, a survivorship test is conducted to analyze if there is a differential survivorship on soybean 
diet related to the rotation-resistant trait. Under field conditions, RR-WCR beetles are not likely 
to remain many days in soybean fields. They rather spend relatively short periods of time in 
soybeans where they eat and lay eggs, and then they go back to maize fields. However, greater 
tolerance to short-term soybean diet may allow RR-WCR females to stay in soybean fields for 
longer periods of time, which gives them a relative advantage by increasing chances of eventual 




All experiments were conducted with WCR adults (Diabrotica virgifera virgifera 
LeConte) collected during the summer of 2009 and 2010. Two rotation-resistant WCR 
populations (RR) were collected from rotated maize fields in Urbana (Champaign County), IL 
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(40°9’14” N, 88°8’40” W) and Minonk (Woodford County), IL (40°51’26” N, 89°0’26” W) 
(Fig. 2.1). Three wild-type (WT) populations were collected in Concord (Dixon County), NE 
(42°23’39” N, 96°57’23” W) Ames (Story County), IA (41°58’54” N, 93°38’33” W) and 
Higginsville (Lafayette County), MO (39°07’09” N, 93°49’42” W) (Fig. 2.1). The sex proportion 
was about 90% females in the WT populations and about 65% females in both RR populations. 
All beetles were kept in wire-screen cages (30 cm x 30 cm x 30 cm) and fed with corn silks and 
immature kernels, with free access to water. 
 
Plants and insect feeding 
Soybeans (Glycine max, cultivar Williams 82) were grown in 30 cm pots (4 plants per 
pot) in a greenhouse facility at the University of Illinois at Urbana-Champaign, with adequate 
water supply and a light intensity of 1200-1500 µmol m-2 s-1. Sweet corn (Zea mays, variety 
Sugar Buns) used to feed WCR populations was cultivated in an experimental field located in 
Champaign, IL (40°04’39” N, 88°24’26” W). WCR beetles were starved for the last 48 hours 
preceding the start of soybean herbivory treatments, keeping only the water supply, to ensure 
soybean consumption beginning on the first day of treatment. This starvation period is 
particularly important for wild-type populations, as most individuals avoid eating soybean unless 
they are starved for a considerable period of time. The starvation step does not affect WCR 
fitness, but assures that the vast majority of adults will have consumed soybean within just 8 
hours since the start of the experiments. Soybean herbivory can be easily ascertained since 
midguts dissected from beetles fed on soybean tissue display a characteristic dark-green 





Soybean foliage damage tests 
Soybean damage experiments were conducted using four pots per population; soybean 
plants were in the vegetative stage (V3 to V4, Richie et al., 1994). Each pot was covered with a 
fine mesh bag appropriately sealed to avoid escapes and infested with 30 beetles. Pots were kept 
in a growth chamber at 24°C, 70 to 90% RH and 14:10 hours Light:Dark cycle. After 7 days, 
soybean leaves were removed from each pot and damage was measured taking into account the 
number of leaves damaged and the area of tissue eaten from each leaf. Leaves were classified in 
five different damage classes, from very low to very high defoliation. A coefficient was assigned 
for each one of the five damage classes (representing the mean value of percentage tissue eaten 
between the low and high damages boundaries of each class). Then, the level of damage was 
calculated as the sum of the number of leaves grouped in each class, multiplied by the class 
coefficient. To eliminate potential effects of differential WCR survival rates, damage values 
were then normalized by the mean survival time of beetles in each pot. The calculated value was 
called soybean damage index (SDI).  
 
Survivorship tests 
To determine survivorship of WCR populations feeding on soybean foliage, adults from 
each population were placed in covered soybean pots. In this experiment, two pots per 
population were used with 30 beetles per pot. Pots were kept in a growth chamber at 24°C, 70 to 
90% RH and 14:10 hours Light:Dark cycle for 5 days. The number of dead beetles in each pot 





Data analysis was performed using SAS software, version 9.2 (SAS Institute Inc.). 
Soybean intake was analyzed by ANOVA using a completely randomized design and the GLM 
procedure (SAS Institute Inc., 2009), followed by Fisher’s protected LSD post hoc comparisons. 
Survivorship was analyzed using the Kaplan-Meier method to construct a survival distribution 
curve for each population (Lee and Wang, 2003). Then, the Logrank test was used to compare 
survival distributions between populations (SAS LIFETEST procedure). For all experiments, the 
significance level used to declare statistically significant differences was 5% (α = 0.05). The full 
SAS programs used in this chapter are shown in Appendix C (Programs C.1 and C.2). 
 
2.3 Results and Interpretation 
Soybean CystPIs are strong inhibitors of cathepsins, the main digestive proteases in 
WCR, and can impair the digestion resulting in reduction of soybean hervibory. In addition, 
differences in soybean intake between RR and WT populations may take place due to either 
differential tolerance to soybean diet, differential feeding behavior or both. To test this 
hypothesis, soybean plants were infested with WCR adults and soybean intake was measured and 
compared between WT populations from Iowa, Nebraska and Missouri and RR populations from 
Minonk, IL and Urbana, IL. The location of the collection sites is indicated in Fig. 2.1. Areas 
where the RR trait has been detected (Gray et al., 2009) are also illustrated (Fig. 2.1). At the end 
of the experiment, leaves were removed from the plants and soybean damage index (SDI) was 




All WT populations displayed similar SDI values (2.97, 3.12 and 3.31 for the population 
from IA, NE and MO respectively) (Fig. 2.3).  The mean SDI for the populations from Minonk, 
IL and Urbana, IL was 5.74 and 6.58 respectively. Both RR populations displayed significantly 
higher SDI values than all the WT populations (P < 0.05 and P < 0.01 for Minonk and Urbana 
respectively) (Fig. 2.3). There were no significant differences in SDI between the two rotation-
resistant populations (P = 0.4913) or between any two of the WT populations (P > 0.7, see Table 
B.1 in Appendix B for a complete list of P-values). These results indicate that WCR populations 
displaying RR phenotype consumed more soybean leaf tissues than WT populations regardless 
of the collection site.  
 
Previous reports did not find differences in area of soybean foliage eaten between WT 
and RR phenotypes (O’Neal et al., 2002; Knolhoff et al., 2010b). However, in these studies a 
small number of beetles were used to determine foliage consumption for a relatively short 
period, either with excised soybean leaves placed in petri dishes or with leaf discs placed in cups. 
In contrast, the experiments reported here were conducted using potted soybean plants that had 
abundant foliage and intact vascular system, with a large number of beetles from each population 
and an adequate number of replicates for statistical analysis. 
 
It has been suggested that in areas with rotation-resistance problems, there is a higher 
proportion of beetles with tendency to feed on soybeans (Levine et al., 2002). Since soybean 
foliage is deficient for WCR nutrition due to the presence of CystPIs (Botella et al., 1996, 
Misaka et al., 1996), RR populations may obtain additional nutrients from soybean foliage by 
having higher tolerance to soybean herbivory. This increased tolerance may differentially impair 
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survivorship on soybean diet among RR beetles compared to WT populations. To test this 
hypothesis, survivorship differences were compared between WT and RR-WCR beetles fed on 
soybean foliage. Adults from the populations mentioned above were infested on soybean plants 
and mortality was monitored daily. The survival distribution curves obtained with the Kaplan-
Meier method are shown in Fig. 2.4. The RR-WCR populations from Urbana and Minonk, IL 
had significantly higher survivorship than the WT populations from Nebraska and Missouri (P < 
0.01 and P < 0.05 for Urbana and Minonk respectively) (Fig. 2.4). The survivorship of the 
population from Iowa was intermediate, not significantly different from any of the other 
populations (P > 0.05) (Table 2.1). No significant differences were found between the RR 
populations from Urbana and Minonk (P = 0.4913), nor between the WT populations from 
Nebraska and Missouri (P = 0.5185)  
 
Mabry and Spencer (2003) reported that, in the context of the mortality assay results, a 
soybean tissue diet is scarcely better than starvation. These authors suggested that WCR feeding 
on soybeans in the field may be under significant nutritional stress, despite having a gut full of 
plant tissue. In addition, soybean herbivory stimulates WCR oviposition and increases beetle 
activity in soybean fields (Mabry and Spencer, 2003; Mabry et al., 2004). However, response to 
soybean diet was still unclear. In this sense, the results presented here indicate that RR-WCR 
adults not only consumed more soybean foliage than wild-type ones, but also survived longer on 
continuous soybean herbivory. This relative advantage of RR compared to WT-WCR may allow 
beetles to have better nutrition and or hydration and extend their survivorship. Thus, based on 
these results it is possible to argue that increased soybean herbivory and tolerance of soybean 
tissues may extend the time spent in soybean fields and increase opportunities for oviposition in 
18 
 
soybean. An improved proximate digestion mechanism based on still unknown biochemical 
and/or physiological factors may account for increased soybean tolerance in RR-WCR adults, 









Figure 2.1. Collection sites of WCR adults. Areas where rotation-resistant behavioral phenotype 
has been reported are illustrated in gray on the map (Gray et al., 2009). Rotation-resistant 
populations (black circles) were collected in Urbana (Champaign County) and Minonk 
(Woodford County), IL, whereas susceptible populations (open circles) were collected in Ames 















Figure 2.2. (A) Picture showing WCR beetles fed on either corn silks or soybean tissues. Dark-
green soybean tissue is visible through the yellow abdomen in the beetles on the right side of the 












Figure 2.3. Soybean damage index (SDI) of three wild-type (WT) WCR populations (IA, NE 
and MO) compared with two rotation-resistant (RR) WCR populations (IL). Values for each 
population represent the average SDI (mean ± SE) of four independent soybean pots. Plants were 
infested in the vegetative state with 30 WCR adults. Pots were maintained at 24°C, 70 to 90% 
RH, 14:10 hours Light:Dark. After seven days of infestation, soybean damage was measured and 
adjusted by the mean survival time on each pot to obtain SDI values. Different letters indicate 































Figure 2.4. Survivorship of WCR adults feeding on soybean foliage. Dotted lines with open 
markers represent wild-type (WT) populations and solid lines indicate rotation-resistant (RR) 
populations. Two soybean pots with 30 beetles per pot of each population were maintained for 5 
days at 24°C, 70 to 90% RH and 14:10 hours Light:Dark. Insects were counted daily. A survival 
distribution curve for each population was constructed using the Kaplan-Meier method and the 
differences between survival functions were analyzed using the Logrank test. Different letters 































Table 2.1. Pairwise comparisons between WCR survival curves using the Logrank test. The test 
statistic and the P-value for each comparison are shown. Asterisks indicate significant 
differences (P < 0.05). 
 
Pairwise Comparisons 
Chi-Square P-value Population Population 
Ames, IA Concord, NE 1.764 0.1841 
Ames, IA Minonk, IL 0.630 0.4273 
Ames, IA Higginsville, MO 2.617 0.1057 
Ames, IA Urbana, IL 2.154 0.1422 
Concord, NE Minonk, IL 4.529 0.0333 * 
Concord, NE Higginsville, MO 0.417 0.5185 
Concord, NE Urbana, IL 7.747 0.0054 * 
Minonk, IL Higginsville, MO 4.870 0.0273 * 
Minonk, IL Urbana, IL 0.474 0.4913 







DIGESTIVE PROTEASE ACTIVITY AND EXPRESSION IN RESPONSE TO 
SOYBEAN HERBIVORY IN WILD-TYPE AND ROTATION-RESISTANT WESTERN 
CORN ROOTWORM ADULTS  
 
3.1 Introduction 
Annual crop rotation of maize and soybean effectively controlled corn rootworms for 
almost 90 years (Levine et al., 2002). However, the spread of the rotation-resistant behavioral 
phenotype has drastically reduced the effectiveness of crop rotation against WCR. Although for 
the last fifteen years scientists have tried to explain the differences between the WT and RR 
phenotypes of WCR, they only described behavioral changes; identification of eco-physiological, 
biochemical and molecular differences has proved elusive (Miller et al., 2006; Miller et al., 
2007; Knolhoff et al., 2010a). As mentioned earlier (Chapter 1), rotation-resistant WCR adults 
are frequently observed feeding on foliage soybean fields, where they eventually oviposit 
(Levine et al., 2002; Spencer et al., 2005). Interestingly, to be able to feed and colonize 
soybeans, RR-WCR adults must tolerate plant defenses. 
 
Plants have developed an arsenal of physical and chemical defenses to protect themselves 
from herbivory. Among these, there are diverse protease inhibitors (PIs), which reduce the ability 
of herbivore insects to digest proteins and assimilate amino acids required for their growth, 
development, and reproduction (Birk, 2003). Cysteine PIs (CystPIs) in plant tissues significantly 
decrease growth and development of insect species in which cysteine proteases are responsible 
for the majority of digestive proteolysis (Fabrick et al., 2002; Kim and Mullin, 2003; Zavala et 
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al., 2008). Herbivore damage induces the jasmonate signaling pathway in plants, leading to 
increased synthesis of CystPIs (Bolter, 1995; Zhao et al., 1996). Soybeans are particularly well 
defended against coleopteran insects by CystPIs, which can impair the fitness of both larva and 
adult WCR (Kim and Mullin, 2003; Koiwa et al., 2000). The inhibitory effect of soybean 
CystPIs has been reported not only in WCR, but also in other coleopteran pests, such as the 
Colorado potato beetle (Leptinotarsa decemlineata) and the cowpea bruchid (Callosobruchus 
maculatus) (Zhao et al., 1996; Lalitha et al., 2005). It is also known that soybean CysPIs induced 
after wounding produce higher protease inhibition than those constitutively expressed (Zhao et 
al., 1996). Moreover, one of the inducible soybean CystPIs (soyacystatin N) targets cathepsin L, 
a major digestive cysteine protease in WCR, and inhibits over 90% of the proteolytic activity in 
third-instar larvae (Koiwa et al., 2000).  
 
There are different strategies that insects can use to counteract PIs. One common strategy 
is the production of proteases that are insensitive to dietary PIs (Bolter, 1995; Cloutier et al., 
2000; Zhu-Salzman et al., 2003; Jongsma et al., 1995; Gruden et al., 2004; Bayes et al., 2005; 
Ahn et al., 2007). Another strategy is to overproduce sensitive proteases to outcompete the PIs 
(De Leo, 1998; Ahn et al., 2004). The ability to compensate for protease inhibition by increasing 
expression of digestive proteases was previously reported in Colorado potato beetle (Cloutier et 
al., 2000) and cowpea bruchid (Zhu-Salzman et al., 2003; Moon et al., 2004). The Colorado 
potato beetle can compensate for the effects of dietary PIs by increasing production of insensitive 
cysteine proteases and changing the composition of digestive proteases in their guts (Bolter., 
1995, Cloutier et al., 2000, Gruden et al., 2004, Rivard et al., 2004). Cowpea bruchids strongly 
induce one cathepsin B-like cysteine protease transcript when fed a diet containing a soybean 
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CystPI (Koo et al., 2008), suggesting that cathepsin B activity may confer inhibitor-insensitive 
digestive proteolysis.  
 
WCR gut proteases and their activity with respect to host (maize) and non-host (soybean) 
diets are intriguing candidates for establishing a novel connection between phenotypic and 
genotypic differences between WT and RR-WCR. Digestive proteolysis in the slightly acidic 
midgut of WCR larvae and adults, as well as in other coleopterans, is conducted by cysteine 
proteases (Zhao et al., 1996; Kim and Mullin, 2003; Gillikin et al., 1992; Orr et al., 1994; 
Murdock et al., 1987; Purcell et al., 1992). Specifically, the major enzymes responsible for 
protein digestion in the WCR are cathepsin L proteases (Koiwa et al., 2000; Bown et al., 2004), 
although cathepsin B activity has also been reported (Kaiser-Alexnat, 2009). Cloning of cDNAs 
encoding putative digestive cysteine proteases in WCR larval midguts revealed five cathepsin L-
like clones and two cathepsin B-like clones (Koiwa et al., 2000; Bown et al., 2004). In addition, 
a number of expressed sequence tags (ESTs) from midguts of WCR larvae predicted a group of 
cathepsin-like clones, probably encoded by several independent loci (Siegfried et al., 2005). 
 
Although soybean foliage is a sub-optimal diet for WCR due to the presence of CystPIs, 
RR-WCR adults are able to eat greater amounts of soybean tissue and survive longer than WT-
WCR (Chapter 2). It is plausible that RR-WCR adults utilize some mechanism that allows them 
to tolerate soybean tissues. In this sense, a likely mechanism for CystPI tolerance is an altered 
digestive proteolysis. For that reason, this chapter focuses on whether there is differential gut 
cysteine protease activity between rotation-resistant and wild-type WCR adults fed on corn-silk 
diet and after foraging on soybeans. In addition, the expression levels of cDNA clones encoding 
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cysteine proteases in WCR are studied. This chapter investigates the hypothesis that rotation-
resistant WCR beetles have an enhanced protease digestion that may allow them to tolerate 
soybean herbivory and thus increase their fitness.  
 
3.2 Methods 
Insects and plants 
Rotation-resistant WCR adult populations (RR) were collected from rotated maize fields 
in Urbana, IL and Minonk, IL. Wild-type (WT) populations were collected in Concord, NE, 
Ames, IA and Higginsville, MO (see Chapter 2 for details). Beetles were maintained in screen 
cages and fed with corn silks and immature corn kernels, with free access to water. Soybeans 
(Glycine max, cultivar Williams 82) were grown in 30 cm pots (4 plants per pot) in a greenhouse 
facility at the University of Illinois at Urbana-Champaign. Sweet corn (Zea mays, variety Sugar 
Buns) used to feed WCR populations was cultivated in an experimental field located in 
Champaign, IL (40°04’39” N, 88°24’26” W). WCR beetles were starved for the 48 hours 
preceding the start of soybean herbivory treatments, to ensure soybean consumption beginning 
on the first day of treatment.  
 
Digestive protease activity 
Beetles feeding on either corn silks or soybean foliage were collected for analysis of 
digestive cysteine protease activity at each time point (0, 8, 24, 36 and 72 hours). Time 0 
corresponded to beetles fed on corn silks. For each population and time combination, midguts 
were removed from 10 beetles and combined to create one of the 3 independent replicates 
collected at each time point. Midguts were stored at -80°C until protease extraction. Protease 
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extraction and protease activity assays were conducted according to Zavala et al. (2008), with 
minor modifications. Briefly, each replicate of composite samples of WCR midguts was 
pulverized in liquid nitrogen with mortar and pestle. Proteases were extracted from midguts by 
homogenizing tissue with 30mM Tri-K citrate (pH 6.0) 1.5 µl/mg gut tissue and incubated on ice 
for 30 min. The suspension was centrifuged at 12,000 x g for 15 min at 4°C, and the resulting 
supernatant was used as a source to determine WCR gut protease activity.  
 
Cathepsin L and B cysteine proteases are responsible for digestive proteolysis in WCR 
(Kaiser-Alexnat, 2009; Bown et al., 2004). Substrate specificity in cathepsin L endopeptidases is 
normally determined by the amino acid residue at the P2 position; cathepsin L proteases 
preferentially cleave peptide bonds with hydrophobic residues (Barrett et al., 1998). 
Accordingly, the chromogenic substrate p-Glu-Phe-Leu-pNA is efficiently degraded by 
cathepsin L (Filippova et al., 1984) (Fig. 3.1). However, although cathepsin B preferentially 
cleaves peptide bonds with arginine at the P2 position, it can degrade the substrate p-Glu-Phe-
Leu-pNA at low rate. To differentiate the activity of cathepsin L from the cathepsin B activity, 
samples were incubated before the determination with CA-074 ((L-3-trans-
(Propylcarbamyl)oxirane-2-carbonyl)-L-isoleucyl-L-proline) a potent and very specific cathepsin 
B inhibitor (Murata et al., 1991) (Fig. 3.1). The half maximal inhibitory concentration (IC50) 
values for this inhibitor were estimated as 2.24 x 10-9 M and 1.72 x 10-4 M for rat cathepsin B 
and cathepsin L, respectively (Murata et al., 1991). The specificity of CA-074 for cathepsin B 
diminishes at concentrations >10-6 M (Murata et al., 1991, Bown et al., 2004). Therefore, 
cathepsin L activity was measured with the substrate p-Glu-Phe-Leu-pNA and a concentration of 




The reaction buffer [0.1 M NaH2PO4, 0.3 M KCl, 0.1mM EDTA, and 3mM dithiothreitol 
(pH 6.0)] and 5 µl of the enzyme extract were added to the wells on a microtiter plate. The 
inhibitor CA-074 was added to a final concentration of 1 µM and the mix was incubated for 10 
minutes at 37°C. Subsequently, the enzymatic reaction was started with the addition of p-Glu-
Phe-Leu-pNA diluted in 30% DMSO and 70% reaction buffer to a final concentration of 76 µM 
of substrate in the reaction mix. Absorbance at 405 nm from wells on the microtiter plate was 
measured at 20-s intervals for 30 min at 37°C. Initial rates of hydrolysis were estimated from the 
slopes of the resulting absorbance versus time graphs. Values were expressed as nanomoles of p-
nitroaniline (pNA) released per gram of fresh gut per minute. 
 
Additionally, the effect of CA-074 inhibitor on protease activity was evaluated, which 
can provide an approximation of cathepsin B activity. In order to do so, protease activity was 
measured again in aliquots of the same gut extracts, but this time without the addition of CA-
074. The difference between protease activities in both determinations can be attributed to 
cathepsin B. Although a specific substrate for cathepsin B was not used, this method is useful to 
estimate cathepsin B activity and to determine whether it is significant in any of the population 
and treatment combinations.  
 
Protease gene expression 
To determine the expression of genes related to cathepsin L and B activity, total RNA 
was extracted from WCR adults fed for 0, 8 and 24 hours on soybean foliage. Time 0 
corresponds to beetles fed with corn silks. Three independent replicates, each one containing the 
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guts of 5 beetles, were processed for each population and treatment. The isolation of total RNA 
was conducted using the E.Z.N.A Total RNA Kit I (Omega Bio-Tek, Norcross, GA 30071) 
according to the manufacturer’s instructions, including the DNase on-column treatment. For each 
sample, 2 µg of RNA were converted to cDNA by using the SuperScript III first-strand synthesis 
system for RT-PCR according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA 
92008). A dilution 1:50 of the reverse transcription product was used as a template to amplify 
cathepsin cDNA fragments with the appropriate primer combinations. Seven clones encoding 
cathepsins in WCR were amplified (Koiwa et al., 2000, Bown et al., 2004). PCR reactions were 
standardized independently for each sequence and pair of primers. The gene names, accession 
numbers and primer sequences are provided in Table 3.1. 
 
PCRs were conducted using a Taq DNA polymerase with ThermoPol buffer, according to 
the manufacturer’s instructions (New England Biolabs, Ipswich, MA 01938). After denaturing 
cDNA at 94°C for 2 min, PCR cycles consisted in a denaturation step of 94°C for 45 s, followed 
by annealing at 50°C for 45 s and extension at 68°C for 1 min. The number of cycles varied 
between 21 and 35 depending on the fragment of interest. The amplified cDNA fragments were 
purified from agarose gels by using a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA 
91355) and sequenced. The intensity of the spots in the gel was determined with image analysis 
software (Image Lab, Bio-Rad, Hercules, CA 94547). The elongation factor EF-1a served as 
internal standard to determine equal amplification of cDNA. Prior to statistical analysis, the spot 
intensity values generated by image analysis software for each gene were normalized to the 
intensity of elongation factor EF-1a to correct for variability in purification of RNA, synthesis of 





Data analysis was performed with SAS software, version 9.2 (SAS Institute). Cathepsin L 
protease activity was analyzed by ANOVA using a 5x5 (population x time) factorial design and 
the MIXED procedure (SAS Institute Inc., 2009), followed by Fisher’s protected LSD post hoc 
comparisons. The effect of CA-074 inhibitor was analyzed using a paired t-test to test whether 
the effect of the inhibitor was different from 0, which indicates a significant effect of cathepsin B 
activity. For the gene expression analysis, intensity values of the spots obtained from the 
semiquantitative RT-PCR were analyzed by ANOVA using a 5x3 (population x time) factorial 
design and the MIXED procedure, followed by Fisher’s protected LSD post hoc comparisons. 
The full SAS programs used in this chapter are shown in Appendix C (Programs C.3 and C.4). In 
all experiments, the significance level used to declare statistically significant differences was 5% 
(α = 0.05). 
 
3.3 Results and Interpretation 
To test whether digestive proteolysis is differentially affected by soybean CystPIs in WT 
and RR-WCR, the effect of soybean diet on cathepsin L activity in the guts of wt and WCR 
adults was determined. Gut extracts were pre-incubated with CA-074, a strong and selective 
inhibitor of cathepsins B, which are also capable of hydrolyzing the substrate used. The results 
indicate that cathepsin L activity was significantly higher in both RR populations regardless of 
the diet or time spent on soybean foliage (Fig. 3.2). The RR-WCR population from Minonk 
presented the highest activity, followed by the population from Urbana. Both RR populations 
displayed significantly higher activity than the WT populations from Nebraska and Missouri (P 
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< 0.0001 and P < 0.001 for Minonk and Urbana respectively) (Fig. 3.2). The cathepsin L activity 
in beetles from Iowa was intermediate; it was significantly lower than that of the population from 
Minonk (P < 0.0001), but there were no significant differences when compared with the 
population from Urbana (although the P value was rather low, P = 0.0806). For a complete list of 
P-values see Appendix B (Tables B.2 to B.7).  
 
The cathepsin L-like activity of beetles fed on corn-silk diet (0 hours) was significantly 
higher in RR populations (Minonk and Urbana, 20.4 and 14.0 nmol g-1 min-1 respectively) than 
in the WT populations (all of them in the order of 5.0 nmol g-1 min-1) (P < 0.0001 and P < 0.01 
for Minonk and Urbana respectively) (Fig. 3.2). Interestingly, although the protease activity was 
significantly higher in RR adults, the curves of cathepsin L activity versus time on soybean 
foliage displayed a similar pattern in all the populations tested. In general, cathepsin L activity 
exhibited a tendency to increase between beetles kept on corn-silk diet and beetles fed for 8 
hours on soybean foliage in all populations. After that time, cathepsin L activity declined rapidly 
until 24 hours after the start of soybean feeding and then declined gradually until the end of the 
experiment (72 hours) (Fig. 3.2). Previous research showed that the levels of CystPI activity in 
soybean leaves increase gradually after infestation with WCR adults, and after 3 days the levels 
of CystPI activity are over two times higher than the constitutive levels in undamaged plants 
(J.A. Zavala, unpublished). Thus, the reduction of cathepsin L protease activity in WCR 
populations between 8 and 72 hours on soybean diet reported here is likely correlated with the 




As mentioned earlier, cathepsin L activity showed a tendency to increase in beetles fed 
for 8 hours on soybean foliage in all populations, compared with beetles fed on corn-silk diet. 
After 8 hours of soybean feeding, beetles from both RR populations presented significantly 
higher cathepsin L activity levels (Urbana, 15.6 nmol g-1 min-1, and Minonk, 25.4 nmol g-1 min-1) 
than beetles from the WT populations collected at Nebraska (10.1 nmol g-1 min-1) and Missouri 
(5.6 nmol g-1 min-1; P < 0.01; Fig. 3.2). Beetles from the Iowa population exhibited an 
intermediate level of cathepsin L-like activity (13.0 nmol g-1 min-1), which was significantly 
lower than the population from Minonk (P < 0.001), but was not significant different from the 
Urbana population. This result is intriguing, since the population from Iowa also presented an 
intermediate survivorship (Chapter 2). At his point, it is important to mention that the presence 
of the RR phenotype of WCR has been reported in Tama county, IA (Gray et al., 2009), about 75 
km east from the collection site in Ames (Fig 2.1). Therefore, the results presented here suggest 
that the population collected in Iowa may be in a process of transition from WT to RR 
phenotype. 
 
The curves of protease activity of all WCR populations studied showed a tendency to 
decrease between 8 and 24 hours of soybean herbivory to values similar to those measured on 
corn-silk diet (Fig. 3.2). Beetles from Minonk displayed significantly higher cathepsin L activity 
than the rest of the populations (P < 0.05), but the differences between the other four populations 
vanished. Beyond this point and until the end of the experiment (72 hours) cathepsin L activity 




The difference in cathepsin activity with and without pre-incubation with the inhibitor 
CA-074 provides an estimate of cathepsin B protease activity (see Methods section). 
Interestingly, significant cathepsin B activity was observed after 8 hours of soybean diet in the 
WT population from Missouri and after 8 and 24 hours of soybean diet in the WT population 
from Nebraska (P < 0.05) (Fig 3.3). No significant cathepsin B activity was observed in RR 
populations fed on soybeans, and no significant cathepsin B activity was observed in any of the 
populations when fed on corn-silk diet (0 hours). In this regard, it has been reported that 
cathepsin B activity is induced in the presence of dietary CystPIs (Moon et al., 2004, Koo et al., 
2008). Therefore, significant cathepsin B activity in WT-WCR adults fed on soybeans suggests 
that WT populations on soybean diet are experiencing a considerable dietary stress. However, 
cathepsin B activity is clearly not enough to compensate the lower cathepsin L protease activity 
in WT populations (Fig. 3.2), and thus the fitness of these populations is reduced (Chapter 2). 
Conversely, higher cathepsin L activity in RR populations may mitigate the nutritional stress 
produced by soybean diet and thus cathepsin B activity is not induced. 
 
Since the analysis of protease activity differed significantly between WCR populations 
and time on soybean diet, the next step was to determine whether there is also a differential 
expression of genes encoding cathepsin proteases between WT and RR-WCR fed on corn-silk 
diet and soybean foliage. The levels of cathepsin-like cDNA sequences previously described in 
WCR were analyzed by semiquantitative RT-PCR. First, the five cathepsin L-like sequences 
reported in WCR (Koiwa et al., 2000, Bown et al., 2004) were amplified. Among them, the 
clone DvRS5 presented the highest level of expression in all WCR populations (Fig. 3.4). This 
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outcome is consistent with the results obtained by Bown et al. (2004), who suggested that 
DvRS5 is a particularly highly expressed sequence.  
 
The levels of the cathepsin L-like clone DvRS5 in both RR populations were 
significantly higher than those of the WT populations by about 25% after 8 hours of soybean 
herbivory (P < 0.05), indicating higher gene expression of cathepsin L-like proteases in RR-
WCR adults (Fig. 3.5). It is unclear whether these higher levels of expression in RR beetles 
respond to an induction of DvRS5 or if there is a constitutive difference in the expression of this 
clone, since there was no significant increase in expression levels between corn-silk diet (0 
hours) and 8 hours of soybean herbivory (see Appendix B for a complete list of P-values). 
However, although there were no significant differences between populations on corn-silk diet at 
the 5% level of significance, the P-value for the comparison between WT and RR populations is 
quite low (P = 0.0995). This information suggests that the higher expression of the cathepsin L-
like clone DvRS5 in RR-WCR at 8 hours of soybean diet is likely a constitutive response. The 
constitutively higher cathepsin L protease activity in RR populations described earlier brings 
strong support to this hypothesis. 
 
The expression pattern of the cathepsin L-like clones DvCAL1 and DvRS29 did not 
differ between the WCR populations nor between the time spent on soybean herbivory 
(Appendix A, Fig. A.1 and Fig. A.2). However, the higher number of PCR cycles required to 
obtain visible amplification of these clones indicates that they are considerably less expressed 
than DvRS5 and may not contribute significantly to the pool of digestive proteases (Fig. 3.4). 
The expression levels of the cathepsin L-like clones DvRS30 and DvRS33 were extremely low 
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and in some replications they were not detected; no statistical analyses were performed on these 
very low-expressed clones. It is possible that these clones play a role in cellular metabolism, a 
function for which cathepsins are mostly known, rather than in digestive proteolysis.  
 
The WCR expression of the previously described cathepsin B-like clones, DvRS40 and 
DvRS6 (Bown et al., 2004), was also analyzed. The purpose of this analysis was to elucidate 
whether there is a differential induction of cathepsin B proteases in response to soybean diet that 
could be correlated with the significant cathepsin B activity observed in WT populations when 
fed on soybeans (Fig. 3.3). Between the two cathepsin B-like clones studied, clone DvRS40 was 
the most abundant (Fig. 3.6). When WCR beetles fed on corn-silk diet, there were no significant 
differences in the expression levels of DvRS40 between WT and RR populations (Fig. 3.7). This 
result is consistent with the results of cathepsin B protease activity (Fig. 3.3), which was not 
significant on corn-silk diet because beetles fed on maize are unlikely experiencing nutritional 
stress. 
 
After 8 hours of soybean herbivory, DvRS40 expression was induced by 32% in beetles 
from Nebraska (P < 0.05), compared with the expression levels on corn silk-diet (Fig. 3.7). There 
was a significantly higher expression of DvRS40 in the WT-WCR population from Nebraska at 8 
hours of soybean diet compared with the RR population from Urbana (P < 0.05). In addition, the 
expression level of DvRS40 in beetles from Nebraska was significantly higher than that of both 
RR populations after 24 hours on soybean herbivory (P < 0.05). No induction or differences in 
the expression of DvRS6 was found (Appendix A, Fig. A.3); although this clone was 
considerable less expressed than DvRS40 and may have no significant role in digestive 
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proteolysis. Cathepsins B are known to be induced under dietary stress conditions and in some 
species they can confer PI-insensitive protease activity (Koo et al., 2008). The results shown 
here indicate that a cathepsin B clone was induced in an attempt to compensate for the negative 
effects of soybean diet, in at least one of the WT populations, whereas the RR populations rely 
on their higher activity and expression of cathepsin L proteases. Induction of genes encoding 
cathepsins B in RR populations is not necessary, since they have considerably higher protease 
activity due to cathepsin L proteases. Although induction and activity of cathepsin B is higher in 
WT populations, it is not enough to compensate for the effects of soybean CystPIs.  
 
The information presented in this chapter constitutes the first biochemical and molecular 
evidence indicating that rotation-resistant WCR adults display enhanced digestive proteolysis. 
Gut protease activity in RR populations was significantly higher than that of susceptible 
populations fed on either corn silks or soybean foliage. Gene expression analysis of digestive 
cysteine proteases supports these findings. In light of these data, the lower sensitivity of RR-
WCR adults for heterogeneous diets with maize and soybean reported by Mabry et al. (2004) can 
be explained by quantitative changes in digestive protease activity and expression. Furthermore, 
increased digestive proteolysis in RR populations is consistent with the results of soybean intake 
and survivorship described in Chapter 2. This is the first report of a mechanism that explains the 
ability of RR-WCR to tolerate to short-term soybean herbivory. Higher activity and expression 
of cathepsin L proteases in RR adults provides a competitive advantage that, together with an 









Figure 3.1. Procedure for determination of cathepsin L endopeptidase activity. The chromogenic 
substrate p-Glu-Phe-Leu-pNA has a phenylalanine residue at the P2 position (green circle). This 
residue is recognized by cathepsin L, which cleaves the peptide releasing p-nitroaniline (pNA). 
This compound absorbs light at 405 nm, thus its release due to cathepsin L activity can be 
measured with a spectrophotometer. However, cathepsin B is able to degrade p-Glu-phe-Leu-
pNA at a low rate and can interfere with the measurement. To prevent this, samples are pre-













Figure 3.2. Cathepsin L activity in the guts of WCR adults fed on soybean foliage. Wild-type 
(WT) populations are represented with empty markers and dotted lines, whereas rotation-
resistant (RR) populations are represented with solid markers and solid lines. Insects were 
dissected and guts samples were collected at 8hs, 24 hs, 36 hs, and 72 hs after the initiation of the 
experiment. Time 0 represents beetles fed on corn silks. Markers represent the mean ± SE of 3 
independent samples containing 10 guts each. Different letters indicate significant differences 
















































Figure 3.3. Effect of the inhibitor CA-074 on digestive proteolysis in the guts of WCR adults fed 
on soybean foliage. Values represent the difference between the values of cathepsin activity 
obtained before and after the incubation with 1 µM CA-074 and can be attributed to the activity 
of cathepsin B. Time 0 corresponds to beetles fed on corn silks. Asterisks indicate a significant 








































Figure 3.4. Gels showing the expression of the five cathepsin L-like clones reported in D. 
virgifera virgifera (Koiwa et al., 2000; Bown et al., 2004). The figure is a composite of 
representative gels for each clone and population, and contains images spliced into place. IA: 
Ames, IA (WT); NE: Concord, NE (WT); MO: Higginsville, MO (WT); M., IL: Minonk, IL 
(RR); U., IL: Urbana, IL (RR). Values between brackets indicate the number of PCR cycles use 























Figure 3.5. Expression analysis of cathepsin L-like, clone DvRS5 (accession number AJ583508) 
in the gut of WCR adults fed for 0, 8 and 24 hours on soybean foliage. Time points for each 
population represent 3 replicates composed of 5 beetles each. Values represent the spot intensity 
generated by image analysis software of the results of quantitative RT-PCR relative to EF-1a 
(mean ± SE). Different letters within each time point indicate significant differences between 






















































Figure 3.6. Gels showing the expression of the two cathepsin B-like clones previously described 
in D. virgifera virgifera (Bown et al., 2004). The figure is a composite of representative gels for 
each clone and population, and contains images spliced into place. IA: Ames, IA (WT); NE: 
Concord, NE (WT); MO: Higginsville, MO (WT); M., IL: Minonk, IL (RR); U., IL: Urbana, IL 
(RR). Values between brackets indicate the number of PCR cycles use for the amplification of 
each transcript. 
  












Figure 3.7. Expression analysis of cathepsin B-like, clone DvRS40 (accession number 
AJ583513) in the gut of WCR adults fed for 0, 8 and 24 hours on soybean foliage. Time points 
for each population represent 3 replicates composed of 5 beetles each. Values represent the spot 
intensity generated by image analysis software of the results of quantitative RT-PCR relative to 
EF-1a (mean ± SE). Different letters within each time point indicate significant differences 














































Table 3.1. Name, GenBank accession number and sequence of both forward and reverse primers 
of genes used in the experiments. 
 


























































Resistance to crop rotation in WCR populations from east-central Illinois is well-
documented and consists of a dramatic change in movement habits of adults, principally higher 
mobility and reduced ovipositional fidelity to maize fields (Levine et al., 2002; Levine and 
Oloumi-Sadeghi, 1996; Knolhoff et al., 2006; Spencer et al., 1999; Spencer et al., 1997). In 
Illinois and virtually all the U.S. Corn Belt, WCR females that fly away from their natal fields 
are by chance likely to alight in another maize field or in a soybean field, in which they feed and 
oviposit. For the last fifteen years, several studies have tried to identify genetic differences 
accounting for the RR behavior with the aim to develop improved strategies to control the 
incidence of this pest. In this regard, Onstad et al. (2001) suggested that rotation resistance may 
have evolved via selection of a single gene related to adult movement. However, previous 
attempts to find molecular features related to the RR phenotype have been unsuccessful (Miller 
et al., 2006; Miller et al., 2007; Knolhoff et al., 2010a). 
 
In addition to the lack of previous genetic support to explain rotation-resistance in WCR, 
there have been inconsistencies regarding the description of some phenotypic attributes. For 
instance, the information about whether there is a differential tendency to feed on soybean 
foliage between WT and RR-WCR adults was not clear (O’Neal et al., 2002; Knolhoff et al., 
2010b). In this sense, the results shown in this thesis (Chapter 2) clearly demonstrate that RR 
adults, regardless of the collection site, consumed considerably higher amounts of soybean 
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tissue. The use of whole soybean plants with intact vascular system, instead of excised trifoliates, 
soybean leaves or leaf discs was critical to identify these differences. 
 
A similar approach to that used to analyze soybean herbivory can be applied to the 
analysis of WCR survivorship on continuous soybean diet. Mabry et al. (2004) did not find 
significant differences between WT and RR-WCR survivorship when feed on soybean tissue. 
The soybean diet of Mabry et al. (2004) consisted in a leaf disc placed on top of a moist agar 
surface. This method may alter the quality of the soybean tissue and the evolution of defense 
compounds, compared with intact plants. In addition, an ad libitum water supply may contribute 
to WCR toleration of the sub-optimal soybean tissue and may attenuate the differences between 
WT and RR beetles. The survivorship experiments performed in the present thesis (Chapter 2), 
on the other hand, were conducted using potted soybean plants, and no free water was supplied. 
Furthermore, the soil inside the pot was completely covered to prevent WCR from acquiring 
water and nutrients from the soil. In this way, nutrient and water uptake was possible only by 
ingestion of soybean tissue. Under these conditions, RR beetles survived longer, which is 
remarkable because it indicates that they possess a higher capacity to tolerate soybean defenses 
than WT-WCR. 
 
Soybeans are particularly well-defended against coleopteran insects thanks to cysteine 
protease inhibitors (CystPIs), which are regulated by at least two constitutive and two wound-
inducible genes (Zhao et al., 1996; Botella et al., 1996; Misaka et al., 1996). Cathepsin L 
protease activity is strongly inhibited in WCR larvae by inducible soybean CysPIs (Koiwa et al., 
2000). Higher soybean intake and survivorship in RR-WCR populations must necessarily 
48 
 
involve a differential ability to tolerate CystPIs. Therefore, the analysis of digestive proteolysis 
in WCR with respect to maize and soybean diets was crucial for establishing the connection 
between phenotype and genotype in RR-WCR. The results of WCR protease activity in response 
to soybean diet (Chapter 3) clearly demonstrate that RR-WCR beetles exhibit higher cathepsin L 
activity on both corn-silk and soybean diets. Higher cathepsin L activity in RR populations 
strongly suggests that cathepsin L is at the core of the mechanism that allows RR adults to 
tolerate soybean intake. Molecular evidences for the centrality of cathepsin L in the mechanism 
of the WCR resistance to soybean herbivory are provided by the demonstration that the level of 
expression of one cathepsin L-like fragment (DvRS5) was significantly higher in the rotation-
resistant populations after 8 hours on soybean diet (Chapter 3). This clone was by far the most 
expressed cathepsin-L like sequence, which is consistent with previous reports (Bown et al., 
2004).  
 
Interestingly, cathepsin L activity was significantly higher in RR-WCR adults even when 
fed on corn silks and immature kernels. This discovery indicates that the higher protease activity 
found in RR adults is constitutive, which means that RR beetles are most likely pre-adapted to 
tolerate higher levels of soybean CystPIs. Supporting this hypothesis, cathepsin L-like 
expression was higher in RR after 8 hours of soybean diet and there was no evidence of an 
induction when compared with corn-silk diet. In addition, the levels of the greatly expressed 
cathepsin L-like clone DvRS5 had a tendency to increase in RR populations compared with WT 
populations when fed on corn silk-diet. However, this tendency was not statistically significant 
(P = 0.0995), maybe due to low sensitivity of the RT-PCR technique to detect small differences 
in expression. Nevertheless, the evidence showing that cathepsin L activity and expression are 
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constitutively higher in RR-WCR adults is well documented; thus, it is reasonable to propose 
that the RR-WCR phenotype is in part the product of a selection for higher tolerance of soybean 
herbivory. Perhaps the pressure of selection in east-central Illinois has favored once rare 
individuals with higher constitutive cathepsin L activity, as well as more mobile individuals. 
 
The stressful effect a of soybean diet in WT-WCR can be appreciated at an eco-
physiological level by analyzing soybean intake and adult survivorship, both of which are low 
compared with RR adults. In addition, the higher stress that WT beetles undergo due to dietary 
CystPIs is also observed at biochemical and molecular levels and it is reflected in increased 
levels of cathepsin B activity and expression. Induction of cathepsin B proteases in other 
Coleopteran species has been attributed to a response to sub-optimal diets containing CystPIs 
(Moon et al., 2004; Koo et al., 2008). In the present study, no cathepsin B induction or 
significant cathepsin B protease activity was detected in RR-WCR, indicating that the higher 
levels of cathepsin L can fully attenuate the stress that soybean CystPIs could otherwise produce, 
and thus induction of cathepsin B was not required. On the other hand, WT populations with 
lower cathepsin L activity are subject to higher dietary stress; induction of cathepsin B is an 
attempt to compensate for the effect of CystPIs. However, cathepsin B activity in WT 
populations fed on soybeans, although significant, is not enough to improve adult fitness to 
levels similar to those observed in RR populations. 
 
Soybean tissue is a suboptimal diet for WCR and continuous soybean feeding ultimately 
impairs adult fitness, regardless of the rotation-resistance status. Protease activity in all WCR 
populations studied decreased gradually after 8 hours of foraging on soybeans, which is 
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correlated with the timing of induction of potent CystPIs in soybean leaves in response to 
herbivory (Zavala et al., 2008). However, there is a relative advantage in RR populations, since 
they display increased protease activity and thus a higher tolerance threshold for protease 
inhibition by CystPIs. It is important to note that the experiments described in this thesis were 
conducted on continuous soybean diet, creating challenging conditions for both WT and RR-
WCR with the aim to facilitate the detection of phenotypic and genotypic differences. Under 
field conditions though, RR-WCR beetles move back and forth between maize and soybean 
fields, and they feed on both crops (Spencer et al., 2005). Mabry et al. (2004) reported that 
thanks to this diet mixing, WCR fecundity is not affected and the number of eggs produced by 
WCR females that fed on soybeans for up to three consecutive days was not reduced if they feed 
on maize after this period. Furthermore, most of the eggs were laid on days when females had 
access to soybean (Mabry et al., 2004). Therefore, higher tolerance of CystPIs and thus to 
soybean feeding constitutes a relative advantage in the sense that it confers RR-WCR females 
with the ability to stay longer in soybean fields, increasing significantly their chances of 
oviposition. 
 
This thesis represents the first detailed biochemical and molecular characterization of 
WCR soybean tolerance. Moreover, it is the first functional demonstration of a mechanism by 
which altered protease activity and gene expression allows RR-WCR to tolerate short-term 
soybean herbivory. The information presented here constitutes a breakthrough in the effort to 
understand RR-WCR and provides a new perspective on pest-host interactions research. Elevated 
activity of cathepsin L proteases in RR populations could dramatically broaden the biological 
footing for hypotheses about resistance mechanisms in this species and others. Additionally, 
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higher expression of cathepsin L-like genes suggests genotypic differences in the regulation, 
activity or stability of digestive proteases between WT and RR-WCR. 
 
Discerning genetically-determined bases for rotation resistance would provide new 
insights into the measurement/forecasting of the resistance risk across the U.S. Corn Belt. This 
would help to resolve questions about the presence/threat of rotation resistance among WCR 
populations moving into the western Corn Belt and those that continue to invade Europe. For 
instance, this thesis showed that the WCR population collected from IA displayed both 
intermediate survivorship and intermediate levels of protease activity. This finding is intriguing, 
since this population was collected just 75 km west of the RR-WCR expansion range reported a 
few years ago (Gray et al., 2009); these results may foreshadow an imminent transition from WT 
to RR in that region. Standardization of cysteine protease activity and expression, together with 
herbivory and behavior assays could be used as tools for identification and assessment of 
populations with tendency toward rotation resistance. Tables of protease activity and expression 
relative to a control population and scales of soybean herbivory could be effective methods to 
monitor the spread of rotation resistance in very early stages of development. Eventually, the 
discovery of the mutations responsible for soybean tolerance and the RR behavior could be used 
to develop molecular markers useful to detect the RR genotype with ultimate accuracy. 
 
To develop and refine management tools such as those mentioned above, it is necessary 
to intensify the research initiated in this thesis and broaden our knowledge of protease induction, 
activity and regulation in WCR guts. The construction of a cDNA library from WCR gut tissue is 
indispensable to clone whole sequences of cathepsins. Complete sequences of protease 
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transcripts will reveal the amino acid sequences of the different cathepsins, which can be 
compared between RR and WT-WCR to identify mutations that may influence affinity or 
stability of the enzymes produced. Additionally, the cDNA library may allow the identification 
of other proteases that might be contributing to digestive proteolysis. In this regard, the cowpea 
bruchid has over 30 genes encoding cathepsin L-like isoforms (Koo et al., 2008); the presence of 
still unknown genes encoding cathepsin L-like proteases in WCR seems likely. Supporting this 
assumption, Koiwa et al. (2000) found that some of the N-terminal sequences of WCR gut 
peptides targeted by a soybean CystPI (scN) correspond to cathepsin L-like proteases and do not 
match with any of the clones reported in the GenBank database. Cloning and expression of 
recombinant WCR cathepsins is essential to characterize their kinetics (Vmax, Km) and to evaluate 
their individual response in the presence of CystPIs. 
 
In addition, genomic studies of digestive proteases in WCR will be very important to 
detect multiple copies of cathepsin L genes and to identify differences in the regulatory regions 
(promoters), which are critical to understand the expression patterns and regulation of digestive 
proteases. The characterization and functional study of cathepsin L-like promoters would be a 
breakthrough in the sense that it could contribute to explain differential expression of proteases 
between RR and WCR populations. The detection of differences in the coding or the regulatory 
regions of protease genes will allow the creation of molecular markers that could be used as 
diagnostic tools to rapidly identify rotation-resistance traits in WCR populations on a local scale. 
 
The implications of new discoveries in the metabolism of digestive proteases transcend 
the impact on RR-WCR diagnostics, incidence and control. This knowledge is applicable in the 
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development of biotechnological alternatives to Bt technology. For instance, the development of 
double-stranded RNAs targeting and inactivating key digestive protease transcripts can be an 
alternative mode of action valuable for managing insect resistance to Bt. These technologies can 
be used not only against corn rootworms, but also against other insect pests of economic 
significance in maize and in other crops, saving millions of dollars in yield losses and control 
expenses, reducing the amount of insecticides applied and protecting the stability of worldwide 
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Figure A.1. Expression analysis of cathepsin L-like, clone DvCAL1 (accession number 
AF190653) in the gut of WCR adults fed for 0, 8 and 24 hours on soybean foliage. Time points 
for each population represent 3 replicates composed of 5 beetles each. Values represent the spot 
intensity generated by image analysis software of the results of quantitative RT-PCR relative to 
































Figure A.2. Expression analysis of cathepsin L-like, clone DvRS29 (accession number 
AJ583510) in the gut of WCR adults fed for 0, 8 and 24 hours on soybean foliage. Time points 
for each population represent 3 replicates composed of 5 beetles each. Values represent the spot 
intensity generated by image analysis software of the results of quantitative RT-PCR relative to 


































Figure A.3. Expression analysis of cathepsin B-like, clone DvRS6 (accession number 
AJ583509) in the gut of WCR adults fed for 0, 8 and 24 hours on soybean foliage. Time points 
for each population represent 3 replicates composed of 5 beetles each. Values represent the spot 
intensity generated by image analysis software of the results of quantitative RT-PCR relative to 


































Table B.1. Soybean damage test. Pairwise comparisons between WCR populations. The test 
statistic and the P-value for each comparison are shown. Asterisks indicate significant 
differences (P < 0.05). 
 
Pairwise Comparison Estimate DF t Value Pr > |t| 
Population Population 
Ames, IA Concord, NE -0.155 18 -0.14 0.891 
Ames, IA Higginsville, MO -0.345 18 -0.31 0.7605 
Ames, IA Minonk, IL -2.7725 18 -2.49 0.0229 * 
Ames, IA Urbana, IL -3.6075 18 -3.24 0.0046 * 
Concord, NE Higginsville, MO -0.19 18 -0.17 0.8666 
Concord, NE Minonk, IL -2.6175 18 -2.35 0.0305 * 
Concord, NE Urbana, IL -3.4525 18 -3.1 0.0062 * 
Higginsville, MO Minonk, IL -2.4275 18 -2.18 0.0430 * 
Higginsville, MO Urbana, IL -3.2625 18 -2.93 0.0090 * 





Table B.2. P-values for cathepsin L activity through all the experiment. Pairwise comparisons 
between WCR populations. 
 
Pairwise comparison Estimate  t P-value Population Population 
Ames, IA Concord, NE 3.35 2.1 0.0404* 
Ames, IA Higginsville, MO 5.03 2.78 0.0074* 
Ames, IA Minonk, IL -8.75 -5.49 <.0001* 
Ames, IA Urbana, IL -2.84 -1.78 0.0806 
Concord, NE Higginsville, MO 1.68 0.95 0.3473 
Concord, NE Minonk, IL -12.09 -7.77 <.0001* 
Concord, NE Urbana, IL -6.18 -3.98 0.0002* 
Higginsville, MO Minonk, IL -13.77 -7.77 <.0001* 
Higginsville, MO Urbana, IL -7.86 -4.43 <.0001* 








Table B.3. P-values for cathepsin L activity at 0 hours (corn-silk diet). 
 
Pairwise comparison  Estimate t P-value Population Population 
Ames, IA Concord, NE 1.13 0.32 0.7465 
Ames, IA Higginsville, MO 2.10 0.60 0.5490 
Ames, IA Minonk, IL -14.84 -4.27 <.0001* 
Ames, IA Urbana, IL -8.37 -2.41 0.0195* 
Concord, NE Higginsville, MO 0.97 0.28 0.7821 
Concord, NE Minonk, IL -15.97 -4.59 <.0001* 
Concord, NE Urbana, IL -9.50 -2.73 0.0084* 
Higginsville, MO Minonk, IL -16.93 -4.87 <.0001* 
Higginsville, MO Urbana, IL -10.47 -3.01 0.0039* 







Table B.4. P-values for cathepsin L activity at 8 hours of soybean herbivory. 
 
Pairwise comparison Estimate t  P-value Population Population 
Ames, IA Concord, NE 2.94 0.85 0.4015 
Ames, IA Higginsville, MO 7.46 2.15 0.0363* 
Ames, IA Minonk, IL -12.42 -3.57 0.0007* 
Ames, IA Urbana, IL -2.59 -0.74 0.4596 
Concord, NE Higginsville, MO 4.52 1.30 0.1988 
Concord, NE Minonk, IL -15.36 -4.42 <.0001* 
Concord, NE Urbana, IL -5.53 -1.59 0.1175 
Higginsville, MO Minonk, IL -19.89 -5.72 <.0001* 
Higginsville, MO Urbana, IL -10.05 -2.89 0.0055* 












Table B.5. P-values for cathepsin L activity at 24 hours of soybean herbivory. 
 
Pairwise comparison Estimate t P-value Population Population 
Ames, IA Concord, NE 4.74 1.36 0.1781 
Ames, IA Higginsville, MO 5.56 1.43 0.1581 
Ames, IA Minonk, IL -8.03 -2.31 0.0248* 
Ames, IA Urbana, IL -1.04 -0.30 0.7653 
Concord, NE Higginsville, MO 0.82 0.21 0.8337 
Concord, NE Minonk, IL -12.77 -3.67 0.0005* 
Concord, NE Urbana, IL -5.79 -1.66 0.1018 
Higginsville, MO Minonk, IL -13.59 -3.50 0.0009* 
Higginsville, MO Urbana, IL -6.61 -1.70 0.0949 







Table B.6. P-values for cathepsin L activity at 36 hours of soybean herbivory. 
 
Pairwise comparison Estimate t P-valuePopulation Population 
Ames, IA Concord, NE 3.30 0.95 0.3473 
Ames, IA Higginsville, MO 3.81 0.98 0.3312 
Ames, IA Minonk, IL -5.55 -1.60 0.1162 
Ames, IA Urbana, IL 0.04 0.01 0.9901 
Concord, NE Higginsville, MO 0.52 0.13 0.8951 
Concord, NE Minonk, IL -8.85 -2.54 0.0138*
Concord, NE Urbana, IL -3.25 -0.94 0.3536 
Higginsville, MO Minonk, IL -9.36 -2.41 0.0194*
Higginsville, MO Urbana, IL -3.77 -0.97 0.3367 












Table B.7. P-values for cathepsin L activity at 72 hours of soybean herbivory. 
 
Pairwise comparison  Estimate  t  P-value Population Population 
Ames, IA Concord, NE 4.62 1.19 0.2403 
Ames, IA Higginsville, MO 6.20 1.19 0.2401 
Ames, IA Minonk, IL -2.90 -0.74 0.4597 
Ames, IA Urbana, IL -2.23 -0.57 0.5695 
Concord, NE Higginsville, MO 1.58 0.32 0.7492 
Concord, NE Minonk, IL -7.51 -2.16 0.0352* 
Concord, NE Urbana, IL -6.84 -1.97 0.0542 
Higginsville, MO Minonk, IL -9.09 -1.85 0.0699 
Higginsville, MO Urbana, IL -8.42 -1.71 0.0925 






Table B.8. Effect of the inhibitor CA-074 on cathepsin activity. P-values for paired t-tests. 
 
Population Time Estimate Std. Error DF t Value Pr > |t| 
Ames, IA 0 0.3967 0.9713 55 0.41 0.6846 
Ames, IA 8 0.2967 0.9713 55 0.31 0.7612 
Ames, IA 24 1.15 0.9713 55 1.18 0.2415 
Concord, NE 0 0.28 0.9713 55 0.29 0.7742 
Concord, NE 8 2.19 0.9713 55 2.25 0.0281 * 
Concord, NE 24 2.4833 0.9713 55 2.56 0.0134 * 
Higginsville, MO 0 1.2767 0.9713 55 1.31 0.1941 
Higginsville, MO 8 3.6133 0.9713 55 3.72 0.0005 * 
Higginsville, MO 24 0.84 1.1895 55 0.71 0.4831 
Minonk, IL 0 -0.4767 0.9713 55 -0.93 0.3585 
Minonk, IL 8 -0.2467 0.9713 55 -0.25 0.8005 
Minonk, IL 24 0.3433 0.9713 55 -0.77 0.4473 
Urbana, IL 0 0.5567 0.9713 55 -1.20 0.3147 
Urbana, IL 8 0.3533 0.9713 55 1.09 0.3691 









Table B.9. P-values for cathepsin L-like (clone DvRS5) expression through all the experiment. 
Pairwise comparisons between WCR populations. 
 
Pairwise comparison Estimate  t P-value Population Population 
Ames, IA Concord, NE -0.041 -0.72 0.4805 
Ames, IA Higginsville, MO -0.035 -0.56 0.5778 
Ames, IA Minonk, IL -0.153 -2.67 0.0139 * 
Ames, IA Urbana, IL -0.183 -3.19 0.0042 * 
Concord, NE Higginsville, MO 0.006 0.11 0.9120 
Concord, NE Minonk, IL -0.112 -2.23 0.0362 * 
Concord, NE Urbana, IL -0.142 -2.83 0.0099 * 
Higginsville, MO Minonk, IL -0.118 -2.17 0.0408 * 
Higginsville, MO Urbana, IL -0.148 -2.59 0.0169 * 







Table B.10. P-values for cathepsin L-like (clone DvRS5) expression at 0 hours (corn-silk diet). 
 
Pairwise comparison  Estimate t P-value Population Population 
Ames, IA Concord, NE 0.031 0.32 0.7549 
Ames, IA Higginsville, MO 0.082 0.77 0.4486 
Ames, IA Minonk, IL -0.072 -0.73 0.4703 
Ames, IA Urbana, IL -0.060 -0.61 0.5469 
Concord, NE Higginsville, MO 0.051 0.52 0.6061 
Concord, NE Minonk, IL -0.103 -1.18 0.2494 
Concord, NE Urbana, IL -0.091 -1.04 0.3075 
Higginsville, MO Minonk, IL -0.154 -1.57 0.1298 
Higginsville, MO Urbana, IL -0.142 -1.45 0.1609 












Table B.11. P-values for cathepsin L-like (clone DvRS5) expression at 8 hours of soybean 
herbivory. 
 
Pairwise comparison Estimate t  P-value Population Population 
Ames, IA Concord, NE -0.074 -0.76 0.4582 
Ames, IA Higginsville, MO -0.075 -0.71 0.4878 
Ames, IA Minonk, IL -0.279 -2.86 0.0092 * 
Ames, IA Urbana, IL -0.278 -2.85 0.0094 * 
Concord, NE Higginsville, MO -0.001 -0.01 0.9902 
Concord, NE Minonk, IL -0.205 -2.37 0.0272 * 
Concord, NE Urbana, IL -0.204 -2.35 0.0279 * 
Higginsville, MO Minonk, IL -0.204 -2.09 0.0485 * 
Higginsville, MO Urbana, IL -0.203 -2.08 0.0495 * 







Table B.12. P-values for cathepsin L-like (clone DvRS5) expression at 24 hours of soybean 
herbivory. 
 
Pairwise comparison Estimate t P-value Population Population 
Ames, IA Concord, NE -0.080 -0.82 0.4201 
Ames, IA Higginsville, MO -0.111 -1.04 0.3077 
Ames, IA Minonk, IL -0.108 -1.1 0.2827 
Ames, IA Urbana, IL -0.210 -2.15 0.0429 * 
Concord, NE Higginsville, MO -0.031 -0.31 0.7562 
Concord, NE Minonk, IL -0.027 -0.31 0.7558 
Concord, NE Urbana, IL -0.130 -1.49 0.1493 
Higginsville, MO Minonk, IL 0.003 0.03 0.9727 
Higginsville, MO Urbana, IL -0.099 -1.01 0.3223 






Table B.13. P-values for cathepsin B-like (clone DvRS40) expression through all the 
experiment. Pairwise comparisons between WCR populations. 
 
Pairwise comparison Estimate  t P-value Population Population 
Ames, IA Concord, NE -0.052 -1.25 0.2186 
Ames, IA Higginsville, MO 0.154 3.2 0.0030 * 
Ames, IA Minonk, IL 0.041 1.1 0.2791 
Ames, IA Urbana, IL 0.074 1.97 0.0577 
Concord, NE Higginsville, MO 0.206 4.14 0.0002 * 
Concord, NE Minonk, IL 0.094 2.25 0.0311 
Concord, NE Urbana, IL 0.126 3.04 0.0047 * 
Higginsville, MO Minonk, IL -0.112 -2.34 0.0255 * 
Higginsville, MO Urbana, IL -0.080 -1.66 0.1062 







Table B.14. P-values for cathepsin B-like (clone DvRS40) expression at 0 hours (corn-silk diet). 
 
Pairwise comparison  Estimate t P-value Population Population 
Ames, IA Concord, NE 0.052 0.73 0.4716 
Ames, IA Higginsville, MO 0.161 1.81 0.0528 
Ames, IA Minonk, IL 0.091 1.4 0.1721 
Ames, IA Urbana, IL 0.097 1.49 0.1452 
Concord, NE Higginsville, MO 0.119 1.4 0.1701 
Concord, NE Minonk, IL 0.039 0.55 0.5827 
Concord, NE Urbana, IL 0.046 0.64 0.5246 
Higginsville, MO Minonk, IL -0.080 -0.98 0.3327 
Higginsville, MO Urbana, IL -0.073 -0.91 0.3716 











Table B.15. P-values for cathepsin B-like (clone DvRS40) expression at 8 hours of soybean 
herbivory. 
 
Pairwise comparison Estimate t  P-value Population Population 
Ames, IA Concord, NE -0.118 -1.67 0.1053 
Ames, IA Higginsville, MO 0.143 1.76 0.0870 
Ames, IA Minonk, IL -0.015 -0.23 0.8165 
Ames, IA Urbana, IL 0.041 0.63 0.5362 
Concord, NE Higginsville, MO 0.261 3.08 0.0042 * 
Concord, NE Minonk, IL 0.103 1.45 0.1564 
Concord, NE Urbana, IL 0.159 2.24 0.0319 * 
Higginsville, MO Minonk, IL -0.158 -1.95 0.0594 
Higginsville, MO Urbana, IL -0.102 -1.26 0.2162 







Table B.16. P-values for cathepsin B-like (clone DvRS40) expression at 24 hours of soybean 
herbivory. 
 
Pairwise comparison Estimate t P-value Population Population 
Ames, IA Concord, NE -0.090 -1.27 0.2144 
Ames, IA Higginsville, MO 0.148 1.83 0.0769 
Ames, IA Minonk, IL 0.049 0.74 0.4621 
Ames, IA Urbana, IL 0.084 1.29 0.2065 
Concord, NE Higginsville, MO 0.238 2.8 0.0084 * 
Concord, NE Minonk, IL 0.138 1.98 0.0497 * 
Concord, NE Urbana, IL 0.174 2.45 0.0197 * 
Higginsville, MO Minonk, IL -0.099 -1.23 0.2285 
Higginsville, MO Urbana, IL -0.064 -0.79 0.436 













Program C.1. Analysis of  soybean foliage damage. 
 
options ps=500 ls=80 nodate center nonumber formdlim='_'; 
 
data Damage; 
length Pop$17;  
infile "D:\Matias\Documents\UIUC\WCR\Results\Survival-
Damage\Damage1.csv" dlm=',' firstobs=2; 
input Pop$ Soil$ Humid$ Autoc$ DF1 DF2; 
 
if Pop = "CIL" then Pop = "Urbana, IL"; 
if Pop = "DNE" then Pop = "Concord, NE"; 
if Pop = "SIA" then Pop = "Ames, IA"; 
if Pop = "WIL" then Pop = "Minonk, IL"; 




proc sort data=Damage; by Pop; run; 
proc print data=Damage; run; 
 
proc boxplot data=Damage ;plot DF2*Pop/ 
boxstyle=schematic haxis=axis2; symbol v=star; 
axis2 offset= (5); 
goptions ftitle=swissb ftext=swiss htitle=2 htext=1.5; 
title 'Soybean Damage Index vs. Beetle Collection Site'; 
run; 
 
proc glm data=Damage; class Pop; 
model DF2=Pop/ss3; 
means Pop/hovtest=bf lsd tukey; 
lsmeans Pop/stderr; 
output out=RD r=Residual p=Predicted; 
contrast "Variant vs WT" Pop 1 -1 -1 -1 1; 
run; 
 
proc univariate data=RD normal plot; qqplot; var Residual; run; 





Program C.2. Analysis of survivorship. 
 
options ps=500 ls=80 nodate center nonumber formdlim="_"; 
 
data WCR_ST1; 
length Population$11;  
infile "D:\Matias\Documents\UIUC\WCR\Results\Survival-
Damage\Surv1.csv" dlm=',' firstobs=2; 
input Beetle Population$ Treat$ Days Censor; 
 
if Population = "CIL" then Population = "Urbana, IL"; 
if Population = "DNE" then Population = "Concord, NE"; 
if Population = "SIA" then Population = "Ames, IA"; 
if Population = "WIL" then Population = "Minonk, IL"; 





proc print data=WCR_ST1; run; 
 
symbol1 c=blue; symbol2 c=orange; symbol3 c=green; symbol4 
c=red; symbol5 c=black; run; 
 
ods html; 
ods graphics on; 
 
proc lifetest data=WCR_ST1 plots=survival(cl); 






















Program C.3. Analysis of cysteine protease activity. 
 
options ls=120 ps=500 nodate nonumber formdlim='_'; 
 
data Bugs; 
length Pop$ 18; 
infile "D:\Matias\Documents\UIUC\WCR\Thesis\Prot_act.csv" 
dlm=',' firstobs=2; 
input Pop$ Treat Rep CA074$ mOD pmol; 
if Pop='SIA' then Pop='Ames, IA'; 
if Pop='DNE' then Pop='Concord, NE'; 
if Pop='MO' then Pop='Higginsville, MO'; 
if Pop='WIL' then Pop='Minonk, IL'; 




ods html body='d:\Matias\Desktop\Test1.html'; 
proc sort data=Bugs; by CA074 Pop Treat; run; 
 
/* proc print data=Bugs; run; */ 
 
proc mixed data=Bugs method=reml; class Pop Treat; by CA074; 
model pmol= Pop|Treat/outpred=Temp; 
lsmeans pop|treat/pdiff; 
 
/*** Profile Plot ***/ 
proc means data=Bugs noprint; var pmol; by CA074 Pop Treat; 
output out=Cmeans mean=Cellmean; run; 
 
goptions ftitle=swissb ftext=swiss htitle=2 htext=1.5; 
proc gplot data=Cmeans; by CA074; 
plot Cellmean*Treat=Pop; 
symbol1 v=circle c=blue h=1.5 i=join w=2; 
symbol2 v=triangle c=red h=1.5 i=join w=2; 
symbol3 v=square c=green h=1.5 i=join w=2; 
symbol4 v=star c=yellow h=1.5 i=join w=2; 
symbol5 v=dot c=orange h=1.5 i=join w=2; 
run; 
 
proc gplot data=Temp; by CA074; plot Resid*Pred/vref=0; symbol1 
v=star i=none; run; 





/* Rearranging data set to calculate differences between with 
and without CA074 */ 
data NoInh; set Bugs; 
if CA074='Y' then delete;  
drop CA074; 
rename mOD=mOD_NOIn pmol=pmol_NoIn; run; 
proc sort data=NoInh; by Pop Treat Rep; run; 
 
data Inh; set Bugs; 
if CA074='N' then delete;  
drop CA074; 
rename mOD=mOD_In pmol=pmol_In; run;  
proc sort data=Inh; by Pop Treat Rep; run; 
 
data MergeBugs; 
merge NoInh Inh; 
DiffmOD = mOD_NoIn - mOD_In; 
Diffpmol = pmol_NoIn - pmol_In; run; 
/* proc print data=MergeBugs; run; */ 
 
/* ANOVA on the difference */ 
ods html body='d:\Matias\Desktop\Test2.html'; 
proc mixed data=MergeBugs method=reml; class Pop Treat; 




/*** Profile Plot ***/ 
proc means data=MergeBugs noprint; var Diffpmol; by Pop Treat; 
output out=Cmeans2 mean=Cellmean; run; 
 
goptions ftitle=swissb ftext=swiss htitle=2 htext=1.5; 
proc gplot data=Cmeans2; 
plot Cellmean*Treat=Pop; 
symbol1 v=circle c=blue h=1.5 i=join w=2; 
symbol2 v=triangle c=red h=1.5 i=join w=2; 
symbol3 v=square c=green h=1.5 i=join w=2; 
symbol4 v=star c=yellow h=1.5 i=join w=2; 
symbol5 v=dot c=orange h=1.5 i=join w=2; 
run; 
 
proc gplot data=Temp2; plot Resid*Pred/vref=0; symbol1 v=star 
i=none; run; 







Program C.4. Expression analysis of cathepsin-like clones. 
 






input Pop$ Treat Year Block B1 B2 L1 L2 L3 L4 L5; 
if Pop='SIA' then Pop='Ames, IA'; 
if Pop='DNE' then Pop='Concord, NE'; 
if Pop='MO' then Pop='Higginsville, MO'; 
if Pop='WIL' then Pop='Minonk, IL'; 




proc sort data=Exp2y; by Pop Treat; run; 




/*** Cathepsin L (DvRS5) ***/ 
proc mixed data=Exp2y method=reml; class Block Pop Treat; 
model L2= Pop|Treat /outpred=TempL2; 
random Block; 
lsmeans Pop|Treat/pdiff; 
contrast "WT vs. RR at 0 hs" intercept 0 Pop 2 2 2 -3 -3 Treat 0 0 0  
Pop*Treat 2 0 0 2 0 0 2 0 0 -3 0 0 -3 0 0; 
contrast "WT vs. RR at 8 hs" intercept 0 Pop 2 2 2 -3 -3 Treat 0 0 0 
Pop*Treat 0 2 0 0 2 0 0 2 0 0 -3 0 0 -3 0; 
run; quit; 
 
proc means data=Exp2y mean stderr; var L2; by Pop Treat; output 
out=Cmeans mean=Cellmean; run; 
 
goptions ftitle=swissb ftext=swiss htitle=2 htext=1.5; 
 
title 'Cathepsin L (DvRS5)'; 
axis1 label=("Expression")  
order=(0.4 to 1 by 0.2); 
 
proc gchart data=Cmeans; 
      vbar Pop/group=Treat sumvar=Cellmean raxis=axis1; 
run; quit; 
 
proc gplot data=Cmeans;  
plot Cellmean*Treat=Pop; 
symbol1 v=diamond c=black h=1.5 i=join w=2; 
symbol2 v=circle c=blue h=1.5 i=join w=2; 
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symbol3 v=triangle c=red h=1.5 i=join w=2; 
symbol4 v=square c=green h=1.5 i=join w=2; 
symbol5 v=star c=yellow h=1.5 i=join w=2; 
run; quit; 
 
proc gplot data=TempL2; plot Resid*Pred/vref=0; symbol1 v=star i=none; 
run; quit; 
 
proc univariate data=TempL2 normal plot; qqplot; var Resid; run; 
 
 
/*** Cathepsin B (DvRS40) ***/ 
proc mixed data=Exp2y method=reml; class Block Pop Treat; 





proc means data=Exp2y mean stderr; var B2; by Pop Treat; output 
out=Cmeans mean=Cellmean; run; 
 
goptions ftitle=swissb ftext=swiss htitle=2 htext=1.5; 
title 'Cathepsin B (DvRS40)'; 
axis1 label=("Expression")  
order=(0.2 to 0.8 by 0.2); 
 
proc gchart data=Cmeans; 
      vbar Pop/group=Treat sumvar=Cellmean raxis=axis1; 
run; quit; 
 
proc gplot data=Cmeans;  
plot Cellmean*Treat=Pop; 
symbol1 v=diamond c=black h=1.5 i=join w=2; 
symbol2 v=circle c=blue h=1.5 i=join w=2; 
symbol3 v=triangle c=red h=1.5 i=join w=2; 
symbol4 v=square c=green h=1.5 i=join w=2; 
symbol5 v=star c=yellow h=1.5 i=join w=2; 
run; quit; 
 
proc gplot data=TempB2; plot Resid*Pred/vref=0; symbol1 v=star 
i=none; run; quit; 
 
proc univariate data=TempB2 normal plot; qqplot; var Resid; run; 
 
 
/*** Cathepsin L (DvCAL1) ***/ 
proc mixed data=Exp2y method=reml; class Block Pop Treat; 







proc means data=Exp2y mean stderr; var L1; by Pop Treat; output 
out=Cmeans mean=Cellmean; run; 
 
proc gplot data=TempL1; plot Resid*Pred/vref=0; symbol1 v=star 
i=none; run; quit; 
 
proc univariate data=TempL1 normal plot; qqplot; var Resid; run; 
 
 
/*** Cathepsin L (DvRS29) ***/ 
proc mixed data=Exp2y method=reml; class Block Pop Treat; 





proc means data=Exp2y mean stderr; var L3; by Pop Treat; output 
out=Cmeans mean=Cellmean; run; 
proc gplot data=TempL3; plot Resid*Pred/vref=0; symbol1 v=star 
i=none; run; quit; 
 
proc univariate data=TempL3 normal plot; qqplot; var Resid; run; 
 
 
/*** Cathepsin B (DvRS6) ***/ 
ods html; 
proc mixed data=Exp2y method=reml; class Block Pop Treat; 





proc means data=Exp2y mean stderr; var B1; by Pop Treat; output 
out=Cmeans mean=Cellmean; run; 
 
proc gplot data=TempB1; plot Resid*Pred/vref=0; symbol1 v=star 
i=none; run; quit; 
proc univariate data=TempB1 normal plot; qqplot; var Resid; run; 
 
 
 
 
